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We report on some measurements and calculations of the distributions in energy and angle for the dissociation products creaced when tightly collimated beams of fast molecular ions bombard thin solid targets.
At the energies employed (0. 15-2. 0 MeVper nucleon) it is to be expected [ 1] that the electrons binding an incident molecular ion will be torn off within the first one or two atomic layers encountered in the target and that the remaining molecular constituents/will then continue as a cluster of naked nuclei exploding apart under the influence of their mutual Coulomb repulsion.
Our measurements reveal large and hitherto unknown departures from the results expected for clusters undergoing simple Coulomb explosions [ 2] .
As a pertinent example of the behavior expected from a simple The incoming molecules will, in general, populate various vibrational and rotational states. One can make estimates of the relative populations of these states based on a consideration of conditions in the accelerator ion source and of decay probabilities during the flight to the target (see, for example, References 3 and 4 for the corresponding discussions pertaining to the case of H ). But for our present purposes, it suffices to note that the potential 4 + well [ 5] for vibrational states in ( HeH) is not very asymmetric about the average internuclear separation (ro *** 0. 8 A) in the ground state and that whatever the population distribution of the vibrational states might be, the shape of the potential well is such that one expects a distribution in r 0 (the internuclear separation) having a width of about 0. 5 A. More precise estimates can be made for molecular ions for which the formation mechanism is better understood. [3, 4] . Figure 1 illustrates such a case-that of H ? .
+
In our ( HeH) example, let us consider an incident molecular ion for which,at the instant (t = 0) of entering the target, the internuclear vector drawn from the a-particle to the proton has a length ro = 0. 8 A and makes an angle 0 with the incident beam direction. If we make the assumption that the two binding electrons are instantaneously removed at t = 0, then the velocity of the proton in the laboratory system after a time t is
where V is the incident beam velocity and
Here v 1 represents the instantaneous value (at foil entrance) of the proton's cm velocity due to vibrational and rotational excitation of the incident molecular ion and v is the velocity acquired by the proton as a result CE These considerations indicate that if one were to attempt to study 4 + experimentally the details of the Coulomb explosion of 4-MeV ( HeH) in a 535-Athick a.norphous Au foil, the angular distribution would be totally dominated by nuclear multiple scattering, and this would also lead to a smearing out of the energy spectra for the transmitted fragments. To avoid the adverse effects of nuclear multiple scattering on the angular distributions, the experiments can be performed under planar channeling conditions using a monocrystalline Au target. This arrangement, while permitting angular distributions to be measured cleanly, has the disadvantage that the energy spectra of transmitted particles are complicated by channeling effects [ 8] . Angular distributions we.re measured under channeling conditions at Argonne National Laboratory. Figure 2 shows the experimental arrangement.
The overall angular resolution was 0. 08 , full width at half-maximum (fwhni).
The Au target crystals were prepared by epitaxial growth on silver-mica •y-ray yield from the reaction Al(p, y) or F(p> av) was measured as the bombarding energy was varied over a small range so as to excite a narrow nuclear resonance. Both measurement techniques indicated that the detailed shapes of the energy spectra depended not only on the thickness but also on the composition of the target foil.
In Munich the channeling experiments were computer simulated by calculating, for several thousand randomly oriented incident molecules, the trajectories of the individual bare nuclei assumed created on entering the target. The initial internuclear separations r<3 were assumed to have a Gaussian distribution. At first the particle motions were calculated with use only of a screened-Coulomb 'repulsion and a continuum channeling potential [9] . The influence of the target's stopping power on the trajectories is small and was neglected. Similarly, the small effects due to multiple scattering (almost entirely electronic) were not calculated microscopically but were taken into account (together with the angular resolution of the apparatus) by smearing the calculated angular distributions with Gaussians whose widths were those measured with monatomic beams. The widths of the angular distributions thus calculated were always too large and the shapes often differed markedly from the measured ones (see Fig. 7 , dashed lines).
We were unable to fit the experimental data by assuming larger initial internuclear separations or lower ionic charge states inside the solid.
The calculated angular distributions exhibit a central peak and two peaks, located at ±*l> . Contributions to the central peak come mainly from incident molecules whose internuclear vectors lie close to the normal plane (i. e., a plane that is perpendicular to the channeling planes of the crystal and that contains the beam direction). The relative height of this central peak is increased when one introduces into the calculations an additional force corresponding to a wake potential assumed to trail behind each particle as it traverses the solid. Good fits (examples are shown by the solid curves in Fig. 7 ) to a wide range of data were obtained with a wake potential of the form
where Ze is the particle's charge, s and p are distances from the particle measured antiparallel to and perpendicular to the particle's velocity vector, respectively, Ko denotes the zero-order modified Bessel function of the second kind, and S(s) is the unit step function. The wakes of leading particles in a cluster influence the motions of trailing particles so that the internuclear vectors tend towards alignment with the normal plane (defined above). This causes a narrowing of the observed angular distributions.
The overall quality c£ the fits obtained for the angular distribution data may also be judged from Equation (3) is identical with the (undamped) oscillatory part of the potential derived by Neufeld and Ritchie [10] in considering the passage of charged particles through a plasma. The wake potential results from electron-density oscillations generated by the projectiles. (It has recently been suggested [ 11] that charged particles could become trapped into bound states in such a wake potential. ) The data on plasmon energies [ 7] and also the results presented here indicate that about eight electrons per Au atom contribute to the plasma oscillations. Channeling offers a unique opportunity for studying interactions with such a dense electron gas over usefully long interaction times without the disturbing influence of nuclear multiple scattering. Since in our experiments, the clusters remain compact during traversal of the target, our measurements do not test the detailed form of the oscillatory part of Eq, (3). However, th» fits are quite sensitive to the value chosen for the plasma frequency and also to the functional form chosen for the radial part of Eq. (3). Because of the compactness of the c clusters, plasmon damping (even at the fast rate known to exist for Au) does not play a significant role here.
The unequal populations of the peaks observed in the energy spectra may be qualitatively understood by noting that trailing particles in a cluster experience a force tending to align their velocities with the beam direction, whereas leading particles experience no such force. Consider, 4 + for example, those protons arisiug from the breakup of ( HeH) molecules whose initial internuclear vectors lie close to the beam direction. Protons emitted forwrrds at some small angle P in the cm. frame may miss a detector placed on the beam axis and having a restricted acceptance angle (~ + 0. 06 in our experiments). Protons emitted backwards (initially at an angle TT -9 in the c.m. frame) would EJSO miss the detector were it not for the force exerted by the wake of the a particle. This force reduces the angle between the proton velocity and the beam direction so that the proton may now strike the detector. A crude order-of-magnitude estimate of the extent to which the wake force can alter the laboratory angle for trailing particles emitted in the breakup of a diatomic cluster with nuclear charges Z.e and
Z^e is given by
where d is the target thickness, E is the laboratory kinetic energy of the longer the wake force can operate and the greater will be the disparity in the peak intensities in the 0 energy spectra. This is in accord with our experimental results. Thus, for 2-MeV H ? incident on C foils of 2, 10, and i4 (jg/cm , we observe the high-energy proton peak to be less intense than the low-energy one by ?%, 15%, and 20%, respectively [ 12] . Similarly, as the bombarding energy is raised, the peaks become more nearly equally populated.
If the explanation offered here for the observed narrowing of the angular distributions and the asymmetry in population of the peaks in the 0 energy spectra is correct, then we have seen the first evidence for the dynamic interaction between plasma oscillations in a solid and the motions of fast nuclear projectiles traversing the solid. To further elucidate the matter, we are continuing our experiments with a wide range of targets and projectiles and are extending our calculations to include triatomic molecular ions and also to cases in which nuclear multiple scattering is expected to play a significant role.
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